SUMMARY For coherent detection, decoding Orthogonal Space-Time Block Codes (OSTBC) requires full channel state information at the receiver, which basically is obtained by channel estimation. However, in practical systems, channel estimation errors are inevitable and may degrade the system performance more as the number of antennas increases. This letter shows that, using fewer receive antennas can enhance the performance of OS-TBC systems in presence of channel estimation errors. Furthermore, a novel adaptive receive antenna selection scheme, which adaptively adjusts the number of receive antennas, is proposed. Performance evaluation and numerical examples show that the proposed scheme improves the performance to a great extent.
Introduction
Orthogonal Space-Time Block Codes (OSTBC) [1] [2] can achieve full diversity gain of MIMO systems and support maximum-likelihood (ML) detection based on linear processing. For the schemes with coherent detection, the decoding of OSTBC requires channel state information (CSI) [3] at the receiver, which is usually estimated by sending training or pilot sequences from the transmitter [4] [5] . However, due to noise and Doppler spread, channel estimation is always imperfect and lead to inter-symbol-interference (ISI), which may increase as more antennas are used. As a result, using a subset of receive antennas may reduce the ISI and enhance the system performance. On the other hand, using fewer receive antennas degrades the performance gain of multiple antenna systems. Therefore, it is necessary to select the number of receive antennas appropriately.
The motivation of the traditional antenna selection schemes [6] - [9] is to reduce the cost of hardware by using fewer RF chains than the number of antennas. Therefore, the antenna selection algorithms mainly assume a fixed number of the selected antennas and focus on how to select antennas to keep the near performance of the system with all the antennas. Recent work [10] [11] proposes to select the number and the subset of transmit antennas by exploiting CSI at the transmitter to improve the performance. However, the previous work on antenna selection assumes perfect CSI at the receiver. In this case, the best performance is achieved only if all receive antennas are used.
In this letter, we first extend the performance analysis of OSTBC under channel estimation errors in [12] [13] from the Alamouti scheme to a more general scheme. Then we propose an adaptive receive antenna selection scheme to maximize the post-processed SNR by selecting the optimal number of receive antennas. Different from the traditional receive antenna selection schemes, the proposed scheme does not reduce the number of RF chains and achieves better performance than the system with all the receive antennas.
System model
Consider an OSTBC system with M t transmit and M r receive antennas under flat fading channels. The channel gain from the i th transmit antenna to the j th receive antenna is denoted by α ij . Suppose the length of an OSTBC frame is T slots, during which K symbols are transmitted. Thus the coding rate is R = K/T . Note that the OSTBC for complex-valued symbols with full rate (i.e., R = 1) only exists for M t =2, while half rate OSTBC achieving full diversity is available for any M t [2] .
The input vector and the noise vector at the j th receive antenna are denoted by s = (s 1 · · · s K ) T and n j respectively * * , where 
T , where r t,j represents the received signal at the j th antenna in the t th time slot, we have
where H j is the virtual channel matrix [3] satisfying H
The constant β * * We use (·) T and (·)
H to denote the transpose and conjugate transpose operation respectively, and (·)depends on the particular OSTBC scheme, e.g., β = 1 for Alamouti scheme and β = 2 for half rate OSTBC schemes. Note that for some cases of the OSTBC with R > 1/2 and M t > 2 [2] , H j is obtained by rewriting the transmit and receive vector in a different form from (1) . However, the derivation in this letter can be extended to such cases in a straightforward manner. For example, for the Alamouti scheme,
Suppose α ij is estimated as α ij with error e ij , i.e., e ij = α ij − α ij . For simplicity, e ij and α ij are assumed to be uncorrelated. The mean and variance of e ij are assumed to be zero and σ 
where L t is the length of training symbols. By replacing α ij with α ij in H j , we obtain an estimated virtual channel matrix H j . Similarly, by replacing α ij with e ij in H j , we get a channel estimation error matrix Θ j and have
Obviously, Θ j is orthogonal and
3. Adaptive receive antenna selection 
where
The second term of r is the ISI caused by the estimation errors.
Define C as the set of all possible symbol vec-
which reduces to K separate and simpler decoding rules for c 1 , c 2 , . . . , c K respectively. Assuming that the noise at the receiver is uncorrelated with the channel estimation errors, due to the orthogonality of H j and Θ j the post-processed SNR γ is given by
where γ 0 M r σ 2 e is the ISI, which increases as the number of antennas increases. There is a tradeoff between achieving the performance gain of multiple antenna systems and reducing the ISI. In order to maximize the post-processed SNR, the number of receive antennas should be carefully selected. Moreover, it is also necessary to smartly select the antenna subset. Previous work [9] has shown that the receive antennas should be selected by the corresponding ρ j in descending order when perfect CSI is available at the receiver. However, when the CSI is imperfect, only ρ j is known at the receiver. Fortunately, (8) indicates that the selection based on ρ j is efficient in this case.
Assuming N r of M r receive antennas are selected based on ρ j in descending order and
For given σ 
Performance evaluation
We assume the data transmission is divided into training phase and payload phase. Training sequences of L t symbols long are transmitted in the training phase, while data sequences of L − L t symbols long are transmitted in the payload phase, where L is the data frame duration. For slow fading channels, the channel gains are assumed to remain constant over a data frame duration and the variance of the estimation errors obtained by an ML channel estimator with orthogonal training symbols is [5] 
The system using N r (1 ≤ N r ≤ M r − 1) antennas outperforms the system using N r + 1 antennas only if γ (N r ) ≥ γ (N r + 1). By (9), we have
Note that this inequality is independent on γ 0 , which makes N r independent on γ 0 .When L t goes to infinity, (12) becomes ρ Nr+1 ≤ 0, which does not hold for any N r and leads to N r = M r .
For fast fading channels, the channel gains vary during a data frame duration. Assuming f dmax and T l are the maximum Doppler frequency and the symbol period respectively. The variance of channel estimation errors obtained by an ML channel estimator with orthogonal training symbols is [4] 
With similar derivation of (12), we find that the system using N r (1 ≤ N r ≤ M r − 1) antennas outperforms the system using N r + 1 antennas only if
2 . When γ 0 tends to +∞, (14) becomes
which holds for any N r and leads to N r = 1. That is to say, for very high SNR cases, using less antennas increases the post-process SNR.
Numerical example
Consider a half rate OSTBC system with 4 transmit antennas and 4 receive antennas. The virtual channel matrix of the j th (j = 1, · · · , 4) receive antenna is [2]
No channel coding is considered and the modulation is 16QAM. The training duration L and the symbol period T l are assumed to be 80 and 10 µs respectively. Scenario 1 corresponds to a system under slow fading channels, while Scenario 2 to a system under fast fading channel with f dmax = 50Hz. Furthermore, in the simulation, the selection is based on the estimated channel. Fig.2 plots the average number of receive antennas of the proposed adaptive receive antenna selection scheme. Less receive antennas are used as the SNR increases in Scenario 2, while the number of receive antennas remains constant in Scenario 1. When L t is 80, the estimation in Scenario 1 is near perfect and N r tends to 4, but for Scenario 2, N r reduces as the SNR increases. Fig.3 plots the average symbol error rate of the proposed scheme and the full system, which uses all the receive antennas. When the SNR is low, the performance of the proposed scheme is near to that of the full system, since the estimation errors in this case are large and lead to inaccuracy of the antenna selection. As the SNR increases, the performance of Scenario 2 gets worse than that of Scenario 1 and forms error floor since the variance of the channel estimation error caused by Doppler Spread is constant. When L t = 10, the proposed scheme improve the performance for Scenario 1 and 2. In Scenario 1, the selected system achieves about 1 dB gain for moderate SNR, while in Scenario 2, the selected system achieves more gain as the SNR increases. When L t = 80, no performance enhancement is achieve by the proposed scheme in Scenario 1, but obvious improvement is still available for Scenario 2 for moderate SNR.
The average symbol error rate of the proposed scheme and the full system under correlated fading Rayleigh channels is plotted in fig. 4 . We assume the receive antennas are correlated as modelled in [14] . The angel spread 3 o abd distance between neighboring antennas is 4λ, where λ is wavelength. The correlated fading degrades the diversity gain of using more antennas, but it doest not affect the improvement of using less antennas. Therefore, in this case, the proposed scheme achieves more performance enhancement.
Conclusion
The performance of OSTBC in MIMO systems under channel estimation errors has been evaluated. We have shown that using all the receive antennas is not optimal for some cases. Then, an adaptive receive antenna selection scheme, which adjusts the number of receive antennas, has been proposed to maximize the postprocessed SNR. From analysis and simulations, the proposed scheme achieves performance enhancement for slow channel channels when the training length is not sufficient to estimate the channel perfectly, while obvious enhancement is also obtained for fast fading channels under moderate SNR level. Moreover, the proposed scheme can achieves more performance gain under correlated fading channels. 
